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The methods for realizing of non-Abelian gauge potentials have been proposed in 
many different systems in condensed matter1-5. The simplest realization among 
them may be in a graphene bilayer obtained by slightly relative rotation between 
the two layers4. Here we report the experimental evidence for non-Abelian gauge 
potentials in twisted graphene bilayers by scanning tunnelling microscopy and 
spectroscopy. At a magic twisted angle, θ ≈ (1.11 ± 0.05)°, a pronounced sharp 
peak, which arises from the nondispersive flat bands at the charge neutrality 
point, are observed in the tunnelling density of states due to the action of the 
non-Abelian gauge fields4,6-8. Moreover, we observe confined electronic states in 
the twisted bilayer, as manifested by regularly spaced tunnelling peaks with 
energy spacing δE ≈ vF/D ≈ 70 meV (here vF is the Fermi velocity of graphene and 
D is the period of the Moiré patterns). Our results direct demonstrate that the 
non-Abelian gauge potentials in twisted graphene bilayers confine low-energy 
electrons into a triangular array of quantum dots following the modulation of the 
Moiré patterns.             
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Because of Klein tunnelling9,10, it is difficult to confine Dirac fermions in graphene. 
Therefore, the confinement of electrons in graphene has attracted much attention over 
the years, not least because the requirement of potential applications in 
graphene-based devices11-14. Recently, a novel recipe for confining the Dirac fermions 
by using twisted graphene bilayers has been suggested4,6-8. It was predicted that 
electrons in the twisted bilayers can be tuned from chiral Dirac fermions to localized 
electrons by simply varying the rotation angle. The modulations in the interlayer 
hopping of twisted bilayers generate an effective non-Abelian gauge potential Â in the 
low-energy electronic theory4 and result in nondispersive flat bands at charge 
neutrality point for a discrete set of magic angles6-8. Experimentally, electronic 
properties of twisted graphene bilayers have been studied by several groups15-22. It 
was demonstrated explicitly that the energy spacing of two low-energy van Hove 
singularities (VHSs) ∆EVHS, which originate from the two saddle points in the band 
structures of the twisted graphene bilayer23, decreases with the twisted angle15,18,20-22 
and reduces to only ∆EVHS ≈ 12 meV for the sample with θ ≈ (1.16 ± 0.04)° 15. 
However, a systematic experimental verification of the nondispersive flat bands in the 
twisted bilayers is still lacking, owing to the difficulty to obtain the twisted bilayers 
with small rotation angles, whereas, the discrete magic angles are predicted to be 
smaller than 1.5°. 
Our scanning tunneling microscopy (STM) and spectroscopy (STS) measurements 
were carried out on highly oriented pyrolytic graphite (HOPG) surface (see 
Supplementary Information for method of STM measurements). The surface 
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few-layer of HOPG usually decouples from the bulk15,21,24-27 and, more importantly, 
the twisted graphene bilayers with various rotation angles, especially the small 
rotation angles, can be easily observed on HOPG surface21. Therefore, the surface of 
HOPG provides a natural ideal platform to verify the fundamental prediction: the 
existence of non-Abelian gauge potentials in twisted graphene bilayers4.  
Figure 1 shows representative STM images of several twisted graphene bilayers 
with different twisted angles, which can be derived from the period of the Moiré 
patterns D, using D = a/[2sin(θ/2)] with the graphene lattice constant a ~ 0.246 
nm15-22. Because of the twist, the local stacking orders of the two layers depend on 
positions in the Moiré patterns, as shown in Fig. 1e. Our experimental results 
demonstrate that the bright dots in the STM images are AA-stacking regions (all 
atoms of the upper layer sitting on top of the atoms of the lower layer), which 
surround with AB-stacking regions (a C atom of one layer sits in the center of a 
graphene hexagon of the other layer). The corrugation of the Moiré patterns measured 
in the STM images depends sensitively on the bias voltages between the STM tip and 
the sample (see Supplementary Fig. S1 for details of measurements), as shown in Fig. 
1f. It indicates that spatial variation of local density of states (DOS) is the main source 
of the observed periodic corrugation in the twisted bilayers. 
The local DOS of the twisted bilayers was measured by STS at 4.3 K. Figure 2a-2d 
shows representative differential conductance spectra measured on four twisted 
bilayers with different twisted angles. The energy spacing of the two VHSs is 
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measured as ∆EVHS ≈ 350 meV for the 3.1° sample (Fig. 2d) and it reduces to only 
about 80 meV for the 1.88° bilayer (Fig. 2c). The decrease of the ∆EVHS from the 3.1° 
bilayer to the 1.88° bilayer agrees quite well with that reported previously15,18,20-22 and 
is also consistent with the theoretical result shown in Fig. 3a. For the 1.11° and 0.88° 
bilayers, the two VHSs merge into a pronounced sharp peak located at the charge 
neutrality point in the tunnelling spectra, as shown in Fig. 2a and Fig. 2b. This quite 
differs from the bilayers with larger twisted angles. Even for the sample with θ ≈ 
1.16°, there are two peaks with energy spacing of 12 meV in its low-energy DOS15. 
Additionally, the FWHM (full-width at half-maximum) of the sharp peak in the 1.11° 
bilayer is measured to be only 18 meV, which is much smaller than that, ~ 40 meV, of 
the 1.16° bilayer15. Therefore, the sharp DOS peak at the charge neutrality point, as 
shown in Fig. 2b, is clearly a sign of the presence of low-energy flat bands in the 1.11° 
bilayer (see Fig. 3a for theoretical result). Theoretically, the first magic angle for the 
appearance of the non-dispersion flat bands generated by the non-Abelian gauge 
potentials Â is predicted to be around 1.0°-1.5° in the twisted bilayers (the exact value 
of the first magic angle depends upon the parametrization models)4,6-8. Our 
experimental result indicates that the first magic angle should be at about 1.11°.  
With further lowering the twisted angle from 1.11° to 0.88°, the FWHM of the 
DOS peak increases from 18 meV to about 30 meV, as shown in Fig. 2a. Such a 
behavior is reasonable with considering the fact that the lowest sub-band in twisted 
bilayer becomes dispersive once more, i.e., the bandwidth increases, before collapsing 
to flat bands again at the second magic angle8, ~ 0.5°. The flat bands generated by the 
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non-Abelian gauge potentials are predicted to be confined mainly in the AA-stacking 
regions (the bright dots in the STM images)4. This has been demonstrated explicitly 
by the spatial resolved STS spectra, as shown in Fig. 2b. The dI/dV maps shown in 
Fig. 2e-2g further demonstrated directly the strong localization of the flat bands in the 
bright dots of the twisted bilayer. Our dI/dV maps, as shown in Fig. 2h-2j, also 
indicate that there is a strong density modulation, characteristic of charge-density 
waves15, for electrons with energies close to the VHSs in twisted bilayers with θ < 2°. 
Besides the pronounced sharp peak at the charge neutrality point, a series of 
discrete tunnelling peaks appear in the STS spectra recorded in the 1.11° bilayer, as 
shown in Fig. 2b and Fig. 3b. The energy spacing δE of these peaks is almost 
regularly spaced with the averaged value as about 70 meV (Fig. 3b). These DOS 
peaks may arise from Moiré Bloch bands generated by the Moiré pattern periodicity8. 
The expected energy separation for the confined electronic states in the 1.11° Moiré 
pattern can be estimated as δE ≈ vF/D ≈ 70 meV (vF is the Fermi velocity of graphene), 
which is consistent well with our experimental result. This result, together with the 
dI/dV maps shown in Fig. 2, demonstrated directly that the non-Abelian gauge 
potentials confine low-energy electrons in twisted graphene bilayers into a triangular 
array of quantum dots following the modulation of the Moiré patterns.  
The ability to tune electrons from Dirac fermions to localized electrons, or vice 
versa, by simply varying the rotation angle in the twisted bilayers can be further 
demonstrated by measuring the tunnelling spectra in high magnetic fields. Figure 4 
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shows the high magnetic fields tunnelling spectra of two representative twisted 
bilayers. For small twisted angles, such as the 1.11° and 0.88°, the electrons are 
strongly localized and the picture of two-dimensional free electron gas no longer 
applies in the twisted bilayers. Therefore, we cannot observe Landau-level 
quantization in these samples, as shown in Fig. 4a (see Supplementary Fig. S2 and Fig. 
S3 for more experimental results). The increase of the FWHM of the peak at the 
charge neutrality point with increasing the magnetic fields, as shown in Fig. 4c, may 
arise from a competition between twist-induced localization and cyclotron motion 
generated by the magnetic fields16. The magnetic length generated by the magnetic 
field of 7 T is estimated to be B eBl =   ≈ 10 nm, which is comparable to the 
period of the Moiré patterns. For the 3.1° bilayer, the low-energy band structure 
(within the two VHSs) can be described well by two Dirac cones separated in 
reciprocal space23, as shown in Fig. 3a. Consequently, it is expected to observe 
Landau quantization of massless Dirac fermions in twisted bilayers with larger 
rotation angles16,28. This is demonstrated explicitly in our experiment, where the 
observed Landau levels sequence in the 3.1° bilayer, as shown in Fig. 4b and Fig. 4d, 
depends on the square-root of both level index n and magnetic field B.     
In summary, we demonstrated that the combination of two graphene sheets with a 
stacking fault leads to novel and exotic properties not present in graphene monolayer. 
Because of the effective non-Abelian gauge fields, the rotation angle could transfer 
the charge carriers in the twisted bilayers from massless Dirac fermions into well 
localized electrons, or vice versa, efficiently. This provides a new route to tune the 
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electronic properties of graphene systems, which will be essential in future graphene 
nanoelectronics.            
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Figure Legends 
 
Figure 1 | STM topographs of twisted graphene bilayers. a-d, STM topographic 
images, 40 nm × 40 nm, of twisted bilayers with the twisted angle θ = (0.88±0.03)° 
and the period of the Moiré patterns D = (16.0±0.5) nm (a), θ = (1.11±0.05)° and D = 
(12.6±0.6) nm (b), θ = (1.88±0.08)° and D = (7.5±0.3) nm (c), and θ = (3.1±0.1)° and 
D = (4.5±0.3) nm (d) on graphite surface. e, Atomic resolution STM image of a 
twisted bilayer with θ = (3.8±0.1)° and D = (3.7±0.1) nm. It shows different stacking 
orders depending on positions of the moiré structure. In the AA-stacking region, we 
can observe honeycomb lattice, whereas, in the AB-stacking region, only triangular 
lattice can be observed. f, Range of STM measured corrugation of different moiré 
patterns as a function of sample voltages. 
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 Figure 2 | STS spectra and dI/dV maps of twisted graphene bilayers. a-d, Spatial 
evolution of dI/dV spectra along the dashed lines in STM images of the insets for the 
twisted bilayers with θ = (0.88±0.03)° (a), θ = (1.11±0.05)° (b), θ = (1.88±0.08)° (c), 
and θ = (3.1±0.1)° (d). For the 1.88° and 3.1° bilayers, the two peaks with energy 
spacing of 80 meV and 350 meV, respectively, are the two low-energy VHSs. For the 
1.11° and 0.88° samples, a pronounced peak mainly localized in the AA-stacking 
regions is observed at the charge neutrality point of the spectra, indicating the 
emergence of nondispersive flat bands. The FWHMs of the peaks for the 1.11° and 
0.88° bilayers are 18 meV and 30 meV, respectively. e, 25 nm × 25 nm STM 
topography image of the 1.11° moiré patterns. f and g, dI/dV maps of the same region 
in e at two bias voltages. The map recorded at 18 mV, the energy of the flat bands, 
shows localized states following the modulation of the Moiré patterns, whereas, the 
map recorded at 500 mV, the energy far from the flat bands, exhibits extended states. 
h, 10 nm × 10 nm STM topography image of the 1.88° moiré patterns. i and j, dI/dV 
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maps of the same region in h at two bias voltages, 100 mV (i) and 400 mV (j). It also 
displays localization of the DOS in the dI/dV map recorded at 100 mV, the position of 
one of the VHSs in panel c. The charge density becomes nearly homogeneous for 
energies away from the VHSs.  
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 Figure 3 | Electronic band structures and quantum confinement in twisted 
bilayers. a, Low-energy sub-band of twisted bilayers with different twisted angles. 
The energy separation of the two saddle points decreases with decreasing the rotation 
angle and the low-energy nondispersive flat bands appear in the 1.11° bilayer. For 
clarity, only the lowest subbands are shown. b, Left panel: A typical differential 
conductance spectrum recorded in the 1.11° bilayer. Besides the pronounced peak at 
the charge neutrality point, several regularly spaced resonances appear in the 
spectrum, as marked by the red crosses. Right panel: Energy positions of the 
resonance peaks in the left panel as a function of the positive integers. The energy 
separation of these peaks is about 70 meV. 
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 Figure 4 | STS spectra of twisted graphene bilayers in different magnetic fields. a, 
dI/dV spectra taken at a bright dot in the 1.11° bilayer with different magnetic fields. b, 
Tunnelling spectra of the 3.1° moiré pattern measured under various magnetic fields. 
For clarity, the curves are offset in Y-axis and the Landau level indices of graphene 
monolayer are marked. c, FWHM of the peaks at the charge neutrality points of the 
0.88° and 1.11° moiré patterns in different magnetic fields. d, Landau level peak 
energies for different magnetic fields obtained in panel b are shown to be linear with 
sgn(n)(|n|B)1/2, as expected for massless Dirac fermions. The solid line is a linear 
fitting of the data with the slope yielding a Fermi velocity of vF = (0.82 ± 0.01) × 106 
m/s. 
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